a b s t r a c t AMPA glutamate receptor complexes with fast kinetics conferred by subunits like GluA3 and GluA4 are essential for temporal precision of synaptic transmission. The specific role of GluA3 in auditory processing and experience related changes in the auditory brainstem remain unknown. We investigated the role of the GluA3 in auditory processing by using wild type (WT) and GluA3 knockout (GluA3-KO) mice. We recorded auditory brainstem responses (ABR) to assess auditory function and used electron microscopy to evaluate the ultrastructure of the auditory nerve synapse on bushy cells (AN-BC synapse). Since labeling for GluA3 subunit increases on auditory nerve synapses within the cochlear nucleus in response to transient sound reduction, we investigated the role of GluA3 in experience-dependent changes in auditory processing. We induced transient sound reduction by plugging one ear and evaluated ABR threshold and peak amplitude recovery for up to 60 days after ear plug removal in WT and GluA3-KO mice. We found that the deletion of GluA3 leads to impaired auditory signaling that is reflected in decreased ABR peak amplitudes, an increased latency of peak 2, early onset hearing loss and reduced numbers and sizes of postsynaptic densities (PSDs) of AN-BC synapses. Additionally, the lack of GluA3 hampers ABR threshold recovery after transient ear plugging. We conclude that GluA3 is required for normal auditory signaling, normal ultrastructure of AN-BC synapses in the cochlear nucleus and normal experience-dependent changes in auditory processing after transient sound reduction.
Introduction
Acoustic information is processed within the auditory system. Unlike other sensory systems, parts of the auditory pathway are equipped with neurons possessing unique morphological and biophysical specializations that facilitate the transmission of information with great temporal precision (Trussell, 1999) . In the anteroventral cochlear nucleus (AVCN), bushy cells (BC) receive their main excitatory input from auditory nerve axons, which contact the BC cell body through exceptionally large terminals (endbulbs of Held) (Brawer and Morest, 1975) . The size of the endbulb facilitates rapid transmission of the presynaptic signal to the BC bodies. In addition, endbulb synapses contain AMPA glutamate receptors (AMPARs) with fast kinetics and high calcium permeability; such properties are crucial for the temporal precision of the auditory signal to the bushy cell (Gardner et al., 1999) . These AMPAR complexes contain very little GluA2 and are mainly composed of GluA3 and GluA4 subunits (Gardner et al., 1999; Petralia et al., 2000; Wang et al., 1998 ). Previously we reported that transient sound reduction leads to an increase of GluA3 immunogold labeling at the postsynaptic density of AN-BC synapses (Clarkson et al., 2016; Whiting et al., 2009) . Based on these observations, we hypothesized that GluA3 is involved in normal auditory processing and in experience-related changes in the auditory brainstem. To further assess the role of GluA3 in normal auditory processing, we used young adult GluA3-KO mice. We recorded auditory brainstem responses (ABRs) to assess auditory sensitivity and used electron microscopy to evaluate the ultrastructure of the AN-BC synapse.
The auditory system is able to adapt to changing conditions during development, aging and auditory experience (Brugge, 1992; Kandler et al., 2009; Froemke and Schreiner, 2015) . Auditory experience can drive changes in sensory processing mechanisms in developing and adult auditory systems (Fallon et al., 2008; Syka, 2002) . The ability of the brain to process auditory information despite altered input (e.g. after sound deprivation) is usually attributed to plastic changes in the auditory pathway (Fallon et al., 2008; Syka, 2002; Caras and Sanes, 2015; Chambers et al., 2016) . Furthermore, unilateral ear plugging of adult listeners is sufficient to induce experience-dependent changes in acoustic reflex threshold in the auditory brain stem (Munro and Blount, 2009 ). The mechanisms contributing to these changes may include the modification of AMPAR number and/or subunit composition. Indeed, AMPAR modulation is a major mechanism for the control of efficient synaptic transmission and underlies many forms of synaptic plasticity (Song and Huganir, 2002) . In the present study we assessed how the lack of GluA3 affects the ability of the auditory brainstem to adapt to changes in sensory experience. We inserted one ear plug into WT and GluA3-KO mice, and evaluated the recovery of ABR thresholds and peak amplitudes for 60 days after ear plug removal.
Methods

Animals
All experiments were performed using C57BL/6 male mice that were one to three months of age. These mice hear normally as young adults at the age of 1e2 months and exhibit progressive high-frequency hearing loss beginning between 2 and 3 months of age (Willott, 2006) . At least 10 mice of each genotype were used per group. All experimental procedures were carried out in accordance with the National Institute of Health guidelines and approved by the University of Pittsburgh and Niigata University Institutional Animal Care and Use Committees.
Generation and identification of GluA3 knockout mice
Mice deficient in GluA3 were produced by homologous recombination using the C57BL/6 ES cells. We isolated GluA3 (Gria3) genes by genomic PCR from the C57BL/6 mouse genome. A GluA3 targeting vector contained exon 11 of the Gria3 gene with the 4.2 kb upstream and 7.0 kb downstream homologous genomic DNA fragments and the diphtheria toxin gene for negative selection. A DNA fragment, which carried a loxP sequence and pgk-1 promoter-driven neomycin phosphotransferase gene (Neo cassette) flanked by two Flp recognition target (frt) sites, was inserted into site 107 bp upstream of exon 11. A polyadenylation (poly-A) signal sequence of pgk-1 was inserted downstream of Neo cassette. The other loxP site was introduced into site 113 bp downstream of exon 11 in order to eliminate the putative transmembrane domain after Cre-mediated recombination. Homologous recombinant ES clones (Gria3 flox/þ ) were identified by Southern blot analysis. EcoRV-digested DNA hybridized with 5 0 probe, 15.4 kb for wild-type and 14.3 kb for targeted genome; NdeIdigested DNA hybridized with neo probe, 16.5 kb for targeted allele; NdeI-digested DNA hybridized with 3 0 probe, 14.6 kb for wild-type and 16.5 kb for targeted allele (Fig. 1) . Culture of ES cells and generation of chimeric mice were performed as described previously (Mishina and Sakimura, 2007) . Briefly, to establish the homologous recombinants, we introduced the linearized targeting vector into the C57BL/6 derived ES lines and then selected recombinant clones under the medium containing 175 mg/mL G418. Targeted clones were microinjected into 8 cell-stage embryos of the CD-1 mouse strain. The resulting chimeric embryos were developed to the blastocyst stage by incubation for more than 24 h and then transferred into the pseudopregnant CD-1 mouse uterus. Germline chimeras were crossed with C57BL/6 female mice and the heterozygous offspring were crossed with TLCNCre mice (Nakamura et al., 2001; Fuse et al., 2004) to establish the GluA3-KO mouse line.
The mouse colony was maintained in an inbred C57BL/6 genetic background strain and housed in an on-site colony at the Hillman Cancer Center Animal Facility, a branch of the Division of Laboratory Animal Resources facility at the University of Pittsburgh. As GluA3 comes from an X-linked gene, both wild type and heterozygous males were used as control mice (hereafter referred as WT). Genotypes were confirmed by PCR using standard conditions. Genomic DNA from tail snips was isolated and used directly for PCR (Fig. 1C ). Primers were selected to generate products for both WT and GluA3-KO alleles. Using the forward primer gria3KO-NeoPCR-F1 (5 0 -TAGAACCCACTGAATGACCC-3 0 ) and reverse primer gria3KO-loxPCR-R1 (5 0 -TTTAGCCCCTTGGCAAATGC-3 0 ), two PCR products were generated. A 350-bp for the WT allele and an 850-bp for the GluA3-KO allele PCR products were generated.
The absence of GluA3 protein was confirmed by standard Western blotting (Fig. 1D ). Two mice of each genotype were used for the biochemical analysis. After CO 2 anesthesia and decapitation, entire brains were dissected rapidly and placed in cold 0.05 M TrisHCl buffer pH 7.4 with a protease inhibitor cocktail (Pierce, Thermo Fisher Scientific, Rockford, IL, USA). Tissues were homogenized in the same buffer with 10% sucrose. Protein concentration was determined using a micro BCA protein assay (Pierce). The samples were separated in an SDS gel, as described previously . The affinity-purified rabbit antibody against GluA3 (1:100; AGC-010; Alomone, Jerusalem, Israel) and the mouse monoclonal antibody b-actin (1:10,000; A1978, Sigma-Aldrich;) were used. The blot membranes were developed by the chemiluminescenceenhanced method.
Auditory brainstem response (ABR)
All recordings were conducted in anesthetized mice (Isoflurane: 3% induction, 1.5% maintenance) in a soundproof chamber and using a Tucker-Davis Technologies (Alachua, FL) recording system. ABR stimuli were presented through a calibrated TDT CF1 closedfield speaker connected to a 2-mm diameter plastic probe. ABRs were recorded by placing needle electrodes subcutaneously at the vertex of the head, at the right cheek and at the left cheek. ABR stimuli were broadband noise clicks (0.1 ms) or tone pips of 4, 8, 12, 16, 24 and 32 kHz (5 ms) . Stimuli were presented with alternating polarity at a rate of 21 presentations per second, with an interstimulus interval of 47.6 ms. Responses of 512 sweeps were averaged, band-pass filtered (0.3e3 kHz) and amplified 20Â through a RA4LI preamplifier (maximum sampling rate~25 kHz) and transferred through an optical fiber port to a RZ6 processor (maximum sampling rate~200 kHz). The stimulus intensity was varied from 90 dB to 10 dB, in decreasing steps of 10 dB.
Hearing threshold levels were determined offline by identifying the lowest intensity level at which clear reproducible wave peak forms P1, P2 and P3 were visible in the averaged traces (P4 and P5 were not always visible, particularly in the GluA3-KO mice). Latencies and amplitudes of P1, P2 and P3 were compared between WT and GluA3-KO mice. We used the same nomenclature as Sergeyenko et al. (2013) , designated to differentiate peaks or waves from larger mammals (Waves IeV). For measurements of amplitudes and latencies, the peaks and troughs from individual clickevoked ABR traces (temporal resolution 40 ms) were selected manually in BioSigRZ software and exported to an Excel file, which contained the values for every peak and every trough. The peak amplitude was calculated as the distance (in microvolts) from the maximum positive peak to the following maximum negative trough. The latency was calculated as the interval (in milliseconds) from the acoustic stimulus (0 mV) to the corresponding maximum positive peak. The values were plotted in GraphPad Prism software.
Ear plugging
After anesthetizing the animals with isoflurane and placing them on a controlled temperature pad, a foam ear plug (E-AR™Classic™) was compressed and placed into the right external ear canal at postnatal day 30 (P30). We have established this model as an efficient way to attenuate by~40 dB the passage of sound through the ear canal (Whiting et al., 2009; Wang et al., 2011) . Since the ear canal of mice is around 6 mm in length (Saunders and Crumling, 2001) , the length of the plug never exceeded 3 mm, so that contact with the tympanic membrane was avoided. Two stitches were carefully placed at the base of the pinna to prevent the mice from removing the plug. The plug was left in place for 10 days. ABRs elicited with clicks and tones were recorded immediately before inserting the ear plug and once again immediately before the ear plug was removed. After removing the ear plug, the ear canal was cleared of any debris and inflammation status of the ear canal was monitored daily. By two days to one week after removing the ear plug, the ear canal looked normal. ABRs were recorded 10, 20 and 60 days after ear plug removal. At equivalent times, ABRs were recorded from age-matched controls that were not ear plugged (see Fig. 3A ).
Electron microscopy and image analyses
Brain tissues of three mice of each genotype were processed for electron microscopy, as described previously (G omez-Nieto and Rubio, 2009 ). The mice were anesthetized with ketamine and xylazine (100 mg/kg each) and transcardially perfused with 0.1 M phosphate buffer pH 7.2, containing 3% paraformaldehyde and 1.25% glutaraldehyde. Brains were post-fixed overnight in the same fixative and sectioned at a thickness of 100 mm with a vibratome (Leica VT1000S; Vienna, Austria). Sections were further post-fixed with 1% osmium tetroxide in 0.1% cacodylate buffer pH 7.4. After washing with the same buffer to remove excess osmium, the sections were dehydrated with graded alcohols and propylene oxide, then infiltrated with EMBed-812 resin, flat-embedded and polymerized for 48 h at 80 C. Sections containing the AVCN were trimmed and mounted on resin blocks. Ultrathin sections (silvergold interference,~70 nm) were cut with an ultramicrotome (Leica EM UC7) and collected on copper grids (G300-Cu, Electron Microscopy Sciences, Hatfield, PA, USA) and counterstained with 1% uranyl acetate and 0.4% lead citrate.
Bushy cells (BCs) from caudal and rostral AVCN were analyzed in this study, as BCs of the mouse do not show the rostro-caudal differences reported in other rodents and mammals (Lauer et al., 2013; Trettel and Morest, 2001) . We considered only cell bodies that were large and oval to round-shaped, and had an eccentric nucleus. The ultrastructure of the cell body of the BC in the mouse is similar to the BC in other rodents (Lauer et al., 2013; G omez-Nieto and Rubio, 2009 ). The cell body of each BC received at least one large end bulb profile which made multiple asymmetric synaptic contacts on the postsynaptic cell membrane. The end bulb profiles contained large, clear and round synaptic vesicles, as described previously for other animal species (G omez-Nieto and Rubio, 2009; Lauer et al., 2013) . Additionally, the cell bodies received numerous bouton-like terminals that made asymmetric synaptic contacts on the postsynaptic cell membrane and that contained large, clear and round synaptic vesicles, similar to those observed in endbulb profiles. We considered all these terminals for the ultrastructural analysis, as they represent excitatory inputs from the AN (Cant and Morest, 1979; Tolbert and Morest, 1982; Wang et al., 1998) .
Ultrathin sections were examined using a JEM-1400 Transmission Electron Microscope (JEOL Ltd., Akishima Tokyo, Japan). Images were acquired with a side mounted ORIUS™ SC200 CCD camera (Gatan Inc., Warrendale, PA, USA) at magnifications of 4000Â for cell bodies, 12e30000Â for AN endings, and 60000Â for PSDs.
ImageJ software (1.43u, NIH, https://imagej.nih.gov/ij/) was used for morphometric analyses. The contour of each auditory nerve ending was manually traced and its area calculated (referred as AN ending profile area). The PSD length was manually traced from single images, in which the pre-synaptic membrane was parallel to the post-synaptic plasma membrane. The PSDs were classified as flat or dome-shaped, and the respective percent of total PSDs was calculated for individual mice of each genotype. Images were assembled with Adobe Photoshop, modifying brightness and contrast, if necessary.
Statistical analyses
All statistical analyses were performed using GraphPad Prism software. Values are expressed as mean ± SEM and compared between groups using a repeated measures two-way ANOVA. Significant differences were analyzed further with a Bonferroni post hoc test. For morphometric analyses we used an unpaired Student's t-test. In all tests, means were considered significantly different if P 0.05.
Results
Auditory processing in the absence of GluA3
To determine whether the GluA3 AMPAR subunit is necessary for normal hearing, we used mice lacking GluA3. We tested wild type, heterozygote and GluA3-KO mice at 60 days of age, when they are sexually mature and their auditory system is anatomically (Limb and Ryugo, 2000) and functionally mature (Huangfu and Saunders, 1983) . We recorded ABRs and determined auditory thresholds ( Fig. 2A and B) . We found that ABR thresholds for clicks and tone-pip frequencies are similar between WT and GluA3-KO mice (Fig. 2B) . The lower thresholds were obtained with clickevoked stimuli (~20 dB) followed by 8 kHz and 12 kHz-evoked stimuli (~45 dB; data shown only for 8 kHz). This is consistent with the low sensitivity for middle and high frequencies reported for the C57 strain (Frisina et al., 2011) .
Since normal thresholds do not necessarily indicate normal auditory processing, and the peaks 4 and 5 are not discernible in most of the ABR traces from GluA3-KO mice, we measured the amplitudes and latencies of peaks 1, 2 and 3 (P1, P2 and P3, respectively), as they were reliably identified at the presented stimulus levels (see Fig. 2A ). The amplitudes of ABR peaks have been interpreted as the sound-evoked summed neural responses from specific regions of the auditory pathway. In mice, it has been proposed that P1 corresponds to the response of the auditory nerve (AN). P2 to P5 represent the neural responses in the AVCN, the superior olivary complex (SOC), the lateral lemniscus (LL) and the inferior colliculus (IC), respectively (Parham et al., 2001) . We computed absolute peak latencies as a function of stimulus intensity, and found that the latency of P2 is significantly larger at all stimulus intensities in GluA3-KO as compared to WT mice (Fig. 2C) , suggesting a decreased response of the AN fibers, slowed transmission from the AN to the CN or slowed processing of the incoming auditory signals in the CN. We also recorded peak amplitudes as a function of stimulus level using click-evoked ABR. We found that P1 amplitude is lower in GluA3-KO, as compared to WT (Fig. 2D) , suggesting either degeneration or de-synchronization of the AN fibers (Schaette and McAlpine, 2011; Sergeyenko et al., 2013) . Amplitudes of P2 and P3 (Fig. 2E and F) are significantly reduced for 80 dB SPL in the GluA3-KO, reflecting deficient neural signaling in both AVCN and SOC nuclei at higher sound levels.
Auditory threshold after transient sound reduction
Since the auditory system is plastic and can reorganize its structure and function after auditory deprivation during development and in adulthood (Munro and Blount, 2009; Kandler et al., 2009; Syka, 2002) , we transiently reduced the acoustic signal entering one ear of WT and GluA3-KO mice at the age of 30 days Fig. 3 . Elevation of ABR threshold due to transient sound reduction is reversible in WT but not in GluA3-KO mice. A, Experimental design (see methods for details) for data shown in 2Be2F and in Fig. 3 . B, Mean ABR thresholds (±SEM) for both WT and GluA3-KO mice immediately before ear plug (EP) removal are significantly elevated with respect to agematched controls (WT: F (1,35) ¼ 426.80, p < 0.0001; GluA3-KO: F (1,40) ¼ 528.85, p < 0.0001). C, 10 days after EP removal, thresholds remain elevated in the GluA3-KO (F (1,40) ¼ 91.38, p < 0.0001) and, in the WT (F (1,35) ¼ 25.49, p < 0.0001), when ABRs are elicited with clicks and 8 kHz tones. D, 20 days after EP removal, thresholds in the WT recovered to normal levels (F (1,35) ¼ 3.72, p ¼ 0.062), while those in the GluA3-KO remain elevated for ABRs elicited by clicks and 8 kHz tones (F (1,40) ¼ 22.45, p < 0.0001). E, 60 days after EP removal most thresholds have recovered to normal levels, except for those in the GluA3-KO elicited with clicks (WT:F (1,35) ¼ 0.32, p ¼ 0.576; GluA3-KO: F (1,40) ¼ 17.76, p < 0.0001). F, Summary of recovery of thresholds in response to clicks; broken lines correspond to threshold values from age-matched controls. Asterisks in B-E indicate significant differences between ear-plugged and age-matched control mice of the same genotype at the given stimulus (Bonferroni post hoc test: *p < 0.05, **p < 0.01, ***p < 0.001). (Fig. 3A) . As shown in Fig. 3B , inserting a foam plug in one ear resulted in a significant increase in ABR thresholds for all tested frequencies in both WT and GluA3-KO mice, as compared with their age-matched controls. ABR thresholds were not significantly different between genotypes, confirming that the ear plug reduced the sound intensity in both WT and GluA3-KO equally.
To follow the recovery from 10 days of sound reduction in WT and GluA3-KO mice, we recorded ABRs from ear plugged mice at 10, 20 and 60 days after the ear plug was removed; ABRs from agematched control WT and GluA3-KO mice were also recorded. By 10 days after ear plug removal, ABR thresholds for WT mice in response to clicks and 8 kHz tone pips remain significantly elevated by~15 dB; thresholds for all the other frequencies returned to levels comparable to age-matched controls (Fig. 3C) . In contrast, thresholds for GluA3-KO mice in response to clicks and tones at all the frequencies are significantly elevated when compared to agematched control KO mice (Fig. 3C) .
By 20 days after ear plug removal, ABR thresholds in WT mice are similar to the age-matched controls (Fig. 3D) . Conversely, thresholds in GluA3-KO mice in response to clicks and 8 k Hz tone pips are significantly elevated by~20 dB with respect to the agematched control KO mice (Fig. 3D ). This suggests that the absence of GluA3 hinders plastic changes that contribute to the recovery of normal auditory thresholds after transient sound reduction.
By 60 days after ear plug removal, ABR thresholds in WT mice are similar to those in the age-matched controls (Fig. 3E) . In contrast, ABR thresholds in the GluA3-KO mice did not further improve (Fig. 3E) . In fact, threshold values at 60 days after ear plug removal are similar to those at 20 days after ear plug removal (Fig. 3D ). This implies that the capacity of the lower brainstem to fully recover auditory function after transient sound reduction is compromised in the absence of GluA3, as summarized in Fig. 3F . In addition to the lack of threshold recovery in GluA3-KO mice that were ear plugged, we observed that thresholds in GluA3-KO controls are also elevated with respect to WT controls (Fig. 3E ). This suggests an early onset of hearing loss in the absence of GluA3.
ABR peak amplitudes after transient sound reduction
Since ABR peak amplitude measurements are more sensitive in detecting subtle changes in central processing than ABR thresholds (Kujawa and Liberman, 2009), we measured peak amplitudes in ear plugged and age-matched control WT and GluA3-KO mice. Because with the ear plug inserted, thresholds reach up to 80 dB, we plotted amplitudes and latencies only for intensities of 80 dB. With the ear plug inserted for 10 days, amplitudes of P1, P2 and P3 are significantly reduced compared to those of age-matched controls (Fig. 4A) . Latencies of P1, P2 and P3 are significantly increased in both genotypes (Fig. 4B) when mice have the ear plug inserted. Thus, ear plug-induced threshold elevation is accompanied by decreased amplitude and increased latency of ABR peaks, reflecting sound attenuation and subsequent reduced signal transmission along the brainstem auditory pathway.
By 10 days after ear plug removal, amplitudes of P1 in WT mice are similar to those in age-matched controls (Fig. 4C) , while P1 amplitudes in GluA3-KO mice are reduced at 40 dB. Amplitudes of P2 are similar to those in the age-matched controls in both genotypes (Fig. 4D) , except for the increased amplitude in GluA3-KO mice at 80 dB. Amplitudes of P3 are similar to those in the agematched controls in both genotypes, except for increased amplitudes in WT mice at 80 dB (Fig. 4E) . These results show that the GluA3-KO mice have a different pattern of ABR peak amplitude recovery after transient sound reduction.
By 20 days after ear plug removal, P1eP3 amplitudes in WT mice are similar to those of the age-matched controls (Fig. 4FeH) .
This indicates that the increased amplitude of P3 in WT is reversed in a period of ten days, which is consistent with the plasticity of the brainstem (Munro and Blount, 2009) . By contrast, in GluA3-KO mice, amplitudes of P1 and P2 are increased at intensities of 60 and 80 dB, when compared to age-matched controls (Fig. 4FeG) . The lengthier period of increased amplitudes in the GluA3-KO suggests slower adaptation to normal sound environments after transient sound reduction.
By 60 days after ear plug removal, P1eP3 amplitudes in WT mice are similar to those in the age-matched controls (Fig. 4IeK) . However, P1 amplitudes in GluA3-KO mice remain elevated at 60 dB. The complete recovery of normal amplitudes in WT mice by 20 days after ear plug removal together with the more persistent elevations of P1 and P2 amplitudes in GluA3-KO mice indicates that the lack of GluA3 hampers the regulatory capacity of auditory pathways and impedes its full recovery after transient sound reduction.
The reduction of ABR P1 amplitude elicited at suprathreshold stimulus levels can be used as a measure to quantify neural degeneration in mice (Shaheen et al., 2015) . The ABR P1 amplitudes plotted in Fig. 4I , 60 days after ear plug removal, indicate that there were no reductions in amplitude; the responses of the ear plugged mice either matched those of the age-matched controls or were increased. Based on this ABR data, we deduce that the presence of the ear plug did not result in any measurable cochlear or cochlear nerve degeneration.
Onset of hearing loss in mice lacking GluA3
The C57BL/6 mice used in this study exhibit a progressive, high frequency hearing loss that begins between 60 and 90 days of age (Willott, 2006; Zheng et al., 1999) . As previously mentioned, we observed that thresholds in control GluA3-KO were elevated when mice reached 100 days of age (Fig. 3E) . Therefore we re-plotted the ABR thresholds from control mice that were 30 and 100 days of age (Fig. 5) . We found that in WT mice only thresholds in response to 32 kHz tones are significantly increased at the age of 100 days, compared to mice of 30 days of age. However, in GluA3-KO mice thresholds in response to 8 kHz, 24 kHz and 32 kHz are significantly elevated at the age of 100 days as compared to 30 day old mice. This suggests that the lack of GluA3 promotes early onset of hearing loss in the lower and mid-frequency range.
Ultrastructure of the AN-BC synapse
The consistently altered responses of ABR P2 in the GluA3-KO mice, together with the fact that ABR P2 reflects neural responses in the CN (Melcher and Kiang, 1996) , and GluA3 is the most abundant subunit in the AN-BC synapse (M.E. Rubio, unpublished data), led us to evaluate whether the lack of GluA3 affects the ultrastructure of the AN-BC synapse of the AVCN. We analyzed BCs from caudal and rostral AVCN (see methods). We performed morphometric analyses of the endbulb synapse in WT (Fig. 6A ) and GluA3-KO (Fig. 6B ) adult mice. We calculated the area of individual AN ending profiles and found no significant differences between genotypes (Fig. 6C) . We also quantified the number of PSDs per profile and found that the number of PSDs was significantly reduced by~30% in the GluA3-KO, compared to WT mice (Fig. 6D) . We also measured the length of the PSDs and found that those from GluA3-KO mice were significantly smaller by~30% (Fig. 6B inset and E) as compared to WT mice (Fig. 6A inset and E) . Additionally, most of the PSDs from GluA3-KO mice lose the prototypical domeshaped of the AN-BC synapse (Reed et al., 2000, Fig. 6F ). These observations indicate that the deletion of GluA3 affects the postsynaptic structure of the AN-BC synapse.
Discussion
Little is known about the role of specific AMPAR subunits in the auditory system. Here we studied the role of GluA3 in normal and experience-related changes in auditory signaling. By using ABRs, we evaluated functional changes in GluA3-KO mice. ABRs peak 2 was consistently altered in the GluA3-KO mice, what led us to analyze ultrastructurally the synapse of auditory nerve on bushy cells (endbulb synapses).
We found that GluA3-KO mice at the age of 60 days have normal ABR thresholds but reduced peak 1 to 3 (P1eP3) amplitudes and increased latency of P2. The decreased amplitude of P1 suggests reduced and/or less-synchronized activity in the AN, as P1 amplitude represents the sound evoked summed neural responses of the AN fibers and their synchronized activity (Kujawa and Liberman, 2009; Schaette and McAlpine, 2011) . This might reflect cochlear synaptopathy as indicated by the reduction of P1 amplitude (Sergeyenko et al., 2013) . The decreased amplitude of P2 and P3 could be a direct consequence of the reduced activity in the AN. Likewise the increased latency of P2 could arise from the reduced amplitude of P1, since changes in the amplitude of P1 influence the latency of the subsequent peaks (Mehraei et al., 2016) . Furthermore, the increased latency of P2 in the GluA3-KO could represent slowed signaling in the CN. Since the CN is the first central station that encodes the timing of auditory signaling (Trussell, 1999) , it is likely that timing is deficient in the absence of GluA3. A recent study by Yang et al. (2011) showed that the lack of GluA4 affects ABR amplitudes and latencies of P3 and P4. Together with our findings, these observations suggest that GluA3 and GluA4 are each necessary for normal auditory signaling within defined synapses of the auditory pathway. Since in the MNTB, GluA4 is essential for fast synaptic transmission (Yang et al., 2011) , it is likely that GluA3 plays a similar role in the CN. This is supported by our findings on increased latency of P2 (CN). In contrast, we did not detect an increased latency of P3 (SOC) in the GluA3-KO, presumably because GluA4 may be sufficient to compensate for the slowed signaling in the CN. It has been proposed that the subunit composition of postsynaptic AMPARs determines the functional differences in auditory neurons (Geiger et al., 1995) . However this hypothesis seems to be more complex because the CN and the SOC have in common the highest levels of the fast kinetics GluA3-and GluA4 AMPAR subunits, as compared to the levels of GluA1 and GluA2 (Joshi et al., 2004; Koike-Tani et al., 2005; Petralia et al., 2000; Schmid et al., 2001; Wang et al., 1998) . Regardless the similarity of AMPAR subunit composition, it is clear that the CN and the SOC respond differentially to changes in the acoustic environment. Clarkson et al. (2016) showed that GluA3, but not GluA4, mediates auditory-experience plasticity at the end bulb synapse in the AVCN. Yang et al. (2011) showed that the deletion of GluA4, but not of GluA3, alters greatly the synaptic transmission at the MNTB. Pilati et al. (2016) showed that GluA4 in the lateral superior olive decreases in response to auditory damage. Taken together, these studies suggest that GluA3 in the CN, and GluA4 in the SOC, are selectively modified by auditory experience. Such selectivity may stem from intrinsic circuitry connections, the relative expression of specific AMPAR subunits, the diversity of AMPAR-interacting proteins as well as the intracellular signaling pathways in specific auditory neurons. Further research is required to investigate the glutamatergic synaptic mechanisms underlying functional differences in these auditory circuits. IeK, 60 days after EP removal P1 in the GluA3-KO remains elevated at the 60 dB stimulus level (F (1,15) ¼ 13.13, p ¼ 0.0025); P2 and P3 are similar to controls. In the WT, P1eP2 are similar to controls. In all panels, asterisks denote significant differences between ear-plugged and age-matched control mice of the same genotype at the given stimulus (Bonferroni post hoc test: *p < 0.05, **p < 0.01).
Our findings of deficient amplitude and increased latency of P2 in the GluA3-KO also correspond well with the ultrastructural changes we observed in the PSDs of the AN-BC synapse. The PSD complex is essential for the anchoring of neurotransmitter receptors and associated signaling proteins (Sheng and Hoogenraad, 2007) , and any modification of its structure alters synaptic transmission (Freche et al., 2011 ). Our findings demonstrate that in the absence of GluA3, the number, size and shape of the PSDs in AN-BC synapses are significantly reduced.
The reduced number and smaller PSDs in GluA3-KO mice may be correlated with aging, since fewer synapses and reduced area of PSDs in the brain of aged rats has been reported (Nicholson et al., 2004; Wong et al., 2000) . The lack of PSDs with a dome-shape in GluA3-KO mice may also correspond with age-related hearing loss, since curved synapses are thought to be more active (Markus and Petit, 1989) and the loss of curvature of PSDs is correlated with deafness in cats and mice (Reed et al., 2000; Lee et al., 2003) . These ultrastructural alterations of the AN-BC synapses correspond well with our findings of decreased ABR peak amplitudes and early onset of hearing loss in GluA3-KO mice. Both, decreased peak amplitude and hearing loss are correlated with auditory aging (Hunter and Willott, 1987; Sergeyenko et al., 2013) . Given that the structural modifications in PSD size and number observed in the GluA3-KO mice (present study) are very similar to those found in aging, and there is an age-dependent increase of GluA3 in the hippocampus of rats (Blair et al., 2013) and WT mice (Cantanelli et al., 2014) , we propose that the presence of GluA3 is necessary to prevent premature age-related hearing loss. In humans, mutations of the GRIA3 gene (encoding for GluA3) have been reported to occur naturally (Wu et al., 2007) . However, the effect of GRIA3 mutations in human hearing loss has not been studied.
GluA3 may also be critical for maintaining the ultrastructure of reduced in the GluA3-KO (n ¼ 102) as compared to the WT (n ¼ 137). E, Mean (±SEM) PSD length is significantly reduced in the GluA3-KO (n ¼ 102) as compared to the WT (n ¼ 137). F, The percentage of dome-shaped PSDs is significantly reduced in the GluA3-KO (n ¼ 102) as compared to the WT (n ¼ 137). Data for each genotype were compared using Student's t-test. Asterisks denote differences between genotypes (*p < 0.05, ***p < 0.001; ns, not significant).
AN-BC synapses during postnatal development, since the AN-BC synapse undergoes ultrastructural modifications during the first post-natal month of age in mice and cats (Limb and Ryugo, 2000; Ryugo et al., 2006) . We speculate that GluA3 promotes the assembly and/or trafficking of specific AMPAR subunits to the PSD. The absence of GluA2 subunit in mice results in the assembly of AMPARs with abnormal combinations of the remaining receptor subunits (Petralia et al., 2004) . Such AMPAR combinations are not efficiently trafficked to the synapse (Sans et al., 2003) . Hence it is possible that in the AVCN of our GluA3-KO mice, the remaining AMPARs are not efficiently trafficked to the PSD. The functional implications in the AVCN are reflected in the slower sound evoked activity of the peak 2. It has been shown that auditory perception is modified by variations within the ambient sound environment (Formby et al., 2003) and that the auditory system adapts to sound variations through plastic changes in the brainstem (Munro and Blount, 2009) . We reasoned that the selective regulation of AMPAR subunits might be a mechanism underlying experience-dependent plasticity of the auditory brainstem. Support for this idea comes from evidence that transient sound reduction resulted in an upregulation of GluA3 in the AN-BC synapse of the CN (Clarkson et al., 2016; Whiting et al., 2009) . Then GluA3 may be the AMPAR subunit that is required for adaptive plasticity in the brainstem after partial sound reduction. Therefore, in this study we plugged one ear for ten days in young adult WT and GluA3-KO mice to promote reversible changes in auditory brainstem responses. Relatively few studies have followed the recovery of ABR threshold after non-invasive transient hearing deprivation and most of them address the outcome of sound deprivation during developmental sensitive periods (e.g. Mowery et al., 2015) . In this study we followed the ABR threshold and peak amplitude recovery for up to 60 days after cessation of sound reduction to assess adaptive plasticity in auditory brainstem responses. We found that elevation of ABR threshold due to transient ear plugging is accompanied by decreased amplitude and increased latency of P1eP3. In WT mice, auditory thresholds recovered to normal by 20 days after cessation of sound reduction. In contrast, in GluA3-KO mice, thresholds recovered more slowly and incompletely, compared to those in WT mice. In addition, the increase of P1 and P2 amplitudes during the recovery period lasted for a longer time in the GluA3-KO as compared to WT. This indicates a more prolonged and hyperresponsive activity in auditory signaling in the absence of GluA3. Therefore, it is evident that the GluA3-containing AMPARs are required for the adaptive changes underlying the normal recovery of auditory signaling after transient sound reduction.
In summary, the present study demonstrates that GluA3-containing AMPARs are necessary for normal auditory processing, for maintaining the structural integrity of postsynaptic densities in the AN-BC synapse and for adaptive plastic changes after transient sound reduction.
Authors contributions
MA and KS produced the GluA3 knockout mice; SGH and MER conceived the experiments; SGH performed data acquisition and analysis; MER analyzed data for Fig. 6F ; SGH wrote the manuscript with feedback from MER; SGH, MA, KS and MER approved the final version of the manuscript; MER provided funding.
